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Introduction
The factors which determine optimal sex ratio decisions have long been of interest to evolutionary ecologists. Much of this interest has been applied to the developing and testing of theory considering sex ratio in organisms with high degrees of sibling mating (Hamilton 1967 ; for recent reviews of subsequent developments see Godfray 1994; Hardy 1994; . One commonly considered scenario is`single foundress strict local mate competition', when a single mother produces each ospring group (brood) and there is no mating between members of dierent groups. Here, the ®tness criterion to be maximized is the mean number of mated daughters produced from each brood, and sex ratio optima are generally predicted to be highly female biased: with a single male per brood, the sex ratio (proportion males) will equal the reciprocal of ospring brood size. Three factors which may lead to the oviposition of extra males under single foundress strict local mate competition are: (i) imperfect control of sex allocation; (ii) ospring developmental mortality; and (iii) limited insemination capacity of males. We summarize these in¯uences only brie¯y as more detailed treatment is provided by .
Sex Allocation Control
Some organisms have apparently perfect control over the sex of each ospring they produce. For example, the parasitoid wasp Copidosoma¯oridanum (Hymenoptera: Encyrtidae) always lays one male and one female egg when injecting two eggs into a host (Strand 1989) . Many other organisms (including many other species of parasitoid wasp) appear to have a high but imperfect degree of control of sex allocation, or to allocate sex randomly about a given mean (Hardy 1992; Nagelkerke & Sabelis 1998) . A stochastic element to sex allocation generates the probability that some broods will contain only one sex (usually females) which will have no mating opportunities and zero ®tness. Less biased sex ratios reduce this probability and an increase in the number of males per brood is likely to be observed as brood size and/or stochasticity increase.
Developmental Mortality
If no males survive to maturity in a brood, females will have no mating opportunities and zero ®tness. As for imperfect sex allocation control, less biased sex ratios (for a given number of eggs laid) reduce this probability. Larger broods are more valuable to a mother and thus, for a given mortality risk, extra males should be laid as insurance, as the number of eggs laid increases. Similarly, for a given number of eggs laid, extra males should be laid as the risk of male death increases. Thus, an increase in the number of males per brood is expected as brood size and/ or male mortality increase. number of their sisters, due to limited sperm supplies or limited time before sisters disperse from the natal site, mothers should allocate more than one male when producing broods larger than one male's capacity: under these conditions the number of males per brood is expected to increase with brood size.
Theory considering sex ratio optima under strict single foundress local mate competition thus provides three explanations for sex ratios greater than the reciprocal of ospring brood size and a positive relationship between the number of males per brood and brood size. Sex ratio optima may also be less female biased if mating opportunities are not limited to siblings, either because (iv) more than one mother contributes ospring to the brood (multiple foundress local mate competition); and/or (v) mating occurs between members of dierent broods (non-local mating; reviewed by Hardy 1994) . The optimal number of males per brood is again likely to increase with brood size.
Evidence
Positive correlations between number of males and brood size have been observed in many species of parasitoid wasps (Hymenoptera), notably those in the aculeate family Bethylidae (summarized in . In this paper we assess mating capacity and dispersal behaviour in the bethylid wasp Goniozus legneri Gordh (mean proportion of males I 0.12, Hardy & Mayhew 1998) . As in many other bethylids, laboratory investigations have shown that the number of males in a brood is positively correlated with brood size (Gordh et al. 1983; . Without extensive ®eld data, none of the candidate explanations for this relationship can be fully excluded, but laboratory data suggest that several are unlikely. Brood sex ratios are female biased with low variance, indicating a high degree of sex allocation control. Although some stochasticity remains, this seems insucient to account for the observed trend in male number . A mean of 7±12% male ospring die before maturity. However, mortality is negatively correlated with brood size and a sex ratio response to male mortality is expected to be absent or weak, and insucient to account for the trend in male number . Multiple foundress local mate competition is also unlikely, as females show the characteristics of aggressive brood guarding (Gordh et al. 1983; common to other bethylids. Broods are thus likely to be produced by single mothers.
Evidence to evaluate the two remaining candidate explanations has been scant: Gordh et al. (1983) suggested that male insemination capacity is limiting. They noted that males which mated with more females transferred slightly fewer sperm to each female, but male insemination capacity was not further assessed. The possibility of non-local mating has not been directly evaluated, but Hardy & Mayhew (1998) included data on G. legneri in an indirect comparative study of the relationship between bethylid sex ratio and mating structure. These data suggested that some non-local mating occurs. found that about 10% of G. legneri broods produced by mated mothers contain only females (largely due to male developmental mortality). G. legneri has haplo±diploid sex determination, enabling virgin females to reproduce but constraining them to produce male ospring only: these males will have zero ®tness unless they disperse and mate nonlocally.
We assess mating capacity and dispersal behaviour using a laboratory protocol which allows estimation of the capacity of males to inseminate females when individuals mature and disperse as naturally as possible. That is, without the need for a priori decisions about the timing and duration of experimental presentation of females to males, or the number and age of individuals used (Hardy et al. 1999 ; see also Hardy et al., in press ).
Methods
The G. legneri used in this study was originally obtained from R. F. Luck (Department of Entomology, University of California, Riverside, USA) and reared on the facultative host Corcyra cephalonica (Stainton) (Lepidoptera: Pyralidae) for 4 yr prior to experiments. Except for minor details, experimental and analytical methods followed those used to evaluate insemination capacity, eclosion and dispersal in the congeneric G. nephantidis. As Hardy et al. (1999) provide description, illustration and discussion of these methods, the present account is condensed.
When presented with a suitable host, adult female G. legneri quickly sting and paralyse it, laying eggs about 1 d later (pers. obs.; the intervening period is probably required for egg maturation [Stokkebo & Hardy 2000] ). The clutch of eggs is laid over a relatively short period (I 1 h, pers. obs.) and ospring within a brood are essentially the same age. Immature G. legneri broods were placed into a chamber in a plastic block, with means of exit provided by a slot. The block was inside a sealed transparent box. Unlike Hardy et al. (1999) , a second block was not present to provide structure for dispersed adults as the previous work found this to be unnecessary. Broods were inspected every 3 h from 06:00 hours until 24:00 hours each day. The time that adults eclosed and their sex were recorded. Dispersed adults (those outside the block) were removed from the box and their sex and the time of dispersal recorded. Observations of a given replicate ceased when the last individual dispersed. There were 78 replicates in total: 57 of mixed-sex broods, 11 of all-female broods and 10 of all-male broods. We created the most replicates of mixed-sex broods because our primary interest is in the mating capacity of males, but the dispersal behaviour of individuals in all brood types is also of importance to understanding sex ratio data. In 13 of the mixed-sex replicates, mostly those with large brood sizes, we killed the smallest pupa once the brood reached the pupal stage (pupae were killed using ®ne seekers to puncture the cuticle, other brood members were undisturbed). This increases the likelihood of obtaining broods containing single males and large numbers of females, since in G. legneri, and other bethylids, males are normally smaller than females (Hardy & Mayhew 1998) . Data from such broods are the most valuable for assessing mating capacity but are normally rare since the number of males eclosing from broods increases with brood size. Each female (n 564) dispersing from a mixed-sex brood was presented with a host and subsequent progeny were checked for the presence or absence of females to determine whether the female had mated. Dispersed females were de®ned as those outside the block. We collected all dispersed individuals every 3 h. The amount of space inside the box was much more than inside the block and the likelihood of dispersed individuals meeting and mating before being collected would be small. We thus established how many females the male(s) in each brood inseminated, with mating opportunities presented as individuals matured and dispersed over a natural time scale.
Statistical Analysis
Data were analyzed using generalized linear modelling techniques available in the GLIM statistical package (see Crawley 1993) which allow regression analysis of data with non-normally distributed error variances without prior transformation.
Timing of eclosion was explored using survival analysis (Crawley 1993) . This allows investigation of whether and how the probability of eclosion changes with time, as well as the comparison of male and female eclosion. Time zero for each brood was de®ned as the last observation before any eclosion from a brood. In each survival analysis we ®rst ®tted an exponential model, in which a constant probability of eclosion is assumed (rate parameter only), followed by a Weibull model, in which the rate of eclosion may vary (rate and shape parameters). The more complex Weibull model was adopted if the resulting reduction in deviance exceeded the critical value in w 2 tables for df 1. Sexual dierences in time of eclosion were explored by adding sex (categorical variable) into either the exponential or Weibull models and assessing the resulting change in deviance as above. Standard errors around means estimated from either model may be asymmetric. We could not carry out formal survival analysis of the timing of dispersal since time zero is indeterminate (we could not identify individual parasitoids and brood members did not eclose simultaneously). Instead we present informal description of the patterns observed.
Data on the insemination capacity of males were proportional and analysed using logistic regression (Crawley 1993; Hardy & Field 1998) . Signi®cance was assessed by the change in deviance (which approximates w 2 ) when explanatory variables were removed from a statistical model. The percentage deviance explained provided an informal measure of explanatory power (akin to r 2 , for normal errors). Some proportional data were binary, but other analyses explored data with denominators greater than unity. In the latter cases the assumed error structure was checked (Crawley 1993 p279 ). If we detected over-dispersion (which can lead to Type I errors), the signi®cance of explanatory variables was re-evaluated using t-tests after adjustment according to Williams' procedure (Crawley 1993, p351) .
Results

Eclosion and Dispersal
Mixed-sex broods A total of 564 females and 97 males eclosed (Table 1 ). The maximum number of males in a mixed brood was four. Fig. 1 shows the cumulative percentages of males and females eclosing as time progressed. Eclosion was best explained by an exponential model suggesting that the overall probability of eclosion was constant with time. Males eclosed signi®cantly earlier than females (w 2 175.41, df 1, deviance explained 46.8%, p <0.001). Every male and every female dispersed (Table 1, Fig. 1 ).
All-female broods
A total of 73 females eclosed (Table 1, Fig. 1 ). An exponential model best explained eclosion. The time until eclosion was signi®cantly earlier than that of females in mixed-sex broods (w 2 55.7, df 1, deviance explained 30.5%, p < 0.001; in this analysis time zero was de®ned as the last observation before any female eclosed). Every female dispersed (Table 1, Fig. 1 ).
All-male broods
A total of 117 males eclosed (Table 1, Fig. 1 ). The probability of eclosion declined over time (®tting a Weibull distribution reduced the deviance compared to an exponential model: w 2 9.2, df 1, p < 0.01, deviance explained 9.3%). The time until eclosion was not signi®cantly dierent from that of males in mixed- Fig. 1 ).
Local Mating and Insemination Capacity
Forty-eight of the 564 females which dispersed from mixed-sex broods died before ovipositing on the presented host, or they or their ospring escaped from their vials. We cannot assess the mating status of these females. Of the remaining 516 females, 499 (96.7%) produced female ospring and 17 did not. Fourteen of these 17 females originated from an individual brood of one male and 14 females. In this brood the male dispersed within 3 h of eclosion (by which time only one female had eclosed), and apparently did not inseminate females within their cocoons. The ospring of the other three females (originating from separate broods) that produced no daughters had high developmental mortality and only one (n 2) or two (n 1) ospring (all males) survived in each case. It is thus possible that these females were in fact mated but their female ospring did not survive to eclosion.
To test the assumption that a single surviving male is sucient to inseminate all females in a brood irrespective of brood size, we explored the in¯uence of the number of females in a brood on the probability of all females being inseminated, using data from broods containing one male at eclosion (n 25, brood size range 3±17 ospring). Insemination was ®tted as a binary response variable (1 all females mated, 0 some females unmated), with females of unknown mating status excluded. The total number of females in the brood at eclosion did not signi®-cantly in¯uence the probability of complete insemination (w 2 1.73, df 1, deviance explained 12.4%, ns, Fig. 2 ). Manipulation of brood composition by killing small pupae had no signi®cant in¯uence (w 2 0.96, df 1, deviance explained 6.8%, ns).
We further explored relationships between insemination and the numbers of males and females in broods at eclosion using all the data from mixed-sex broods. Here insemination success was ®tted as the proportion of females with known mating status which were inseminated (data from 25 one-male broods plus 25 two- Fig. 2 : The probability that all females are inseminated by one male in relation to the number of females eclosing. The data are binary (1 all females inseminated, 0 some females uninseminated), but overlapping points are displaced for visual clarity. The ®tted curve is the estimated probability, P, of complete insemination (P 1/[1 {1/(exp(À 0.2786X 5.447))}], where X is the number of females).
The slope of the regression is not signi®cant 1028 I. C. W. Hardy, S. Stokkebo, J. Bùnlùkke-Pedersen & M. K. Sejr male broods plus six three-male broods plus one four-male brood; brood size range 3±18). The proportion of females inseminated was positively correlated with the number of males and negatively correlated with the number of females in the brood (number of males, t 2.415, df 54, deviance explained 16.2%, p <0.05, number of females, t 2.16, df 54, deviance explained 12.1%, p <0.05). However, the signi®cance of these results depends on the inclusion of the one`outlying' replicate in which no females were inseminated (with this replicate excluded: males, w 2 0.1, df 1, deviance explained 0.06%, ns; females, w 2 1.8, df 1, deviance explained 11.0%, ns) as each of the other three broods with incomplete insemination contained only one uninseminated female.
Discussion
Many factors are predicted to in¯uence maternal sex allocation decisions. Under the commonly considered scenario of local mate competition, sex ratio optima are predicted to be less female biased when: (i) control of sex allocation is imperfect; (ii) there is developmental mortality among males; (iii) the insemination capacity of males is limited; (iv) more than one mother contributes ospring to the local mating group; and (v) there is some non-local mating. All ®ve conditions lead to an expectation that the optimal number of males is larger in larger broods. This relationship is observed in many species of parasitoid wasps, including G. legneri, that experience local mate competition, but the importance of the explanations has seldom been evaluated. Together with previous data , the data presented in this paper allow evaluation of all ®ve explanations for observed sex ratios in broods of G. legneri.
Prior evidence for explanations (i) (ii) and (iv) in G. legneri is summarized in the introduction sections. Because sex allocation has only a small stochastic component, developmental mortality is low and non-siblings are unlikely to develop in the same brood ) and because prior evidence hinted at limited insemination capacity (Gordh et al. 1983) , suggested that limited insemination capacity is a likely explanation for the observed data. They also noted that estimates obtained with natural timing and dispersal were required. The methods we used to assess mating capacity and dispersal are probably the most`naturalistic' and appropriate for laboratory studies (see Hardy et al. 1999 and Hardy et al., in press) for further discussion).
Insemination Capacity
We found little evidence for limited insemination capacity in male G. legneri. Males in mixed-sex broods inseminated virtually all (96.7%) females before these dispersed and our data support the frequent modelling assumption that a single surviving male is sucient to inseminate all females in a brood. The only mixedsex brood that would generate higher ®tness (number of mated females produced), by having a female replaced by a male is the`outlying' replicate, in which the male dispersed within 3 h of ecolosion. In other cases, ®tness would be equal (broods in which one female was uninseminated) or reduced (broods in which all females were inseminated). We conclude that male insemination capacity is sucient for the optimal number of males at eclosion to equal 1 in broods within the normal size range, and that limited insemination capacity is not a likely explanation for the observed increase in males per brood as brood size increases. Similar conclusions were reached from comparable data on the congener G. nephantidis (Hardy et al. 1999 ) and the Eulophid wasp Colpoclypeus¯orus Walk. ).
Dispersal and the Possibility of Non-Local Mating
Allowing individuals to disperse from the natal site is an important consideration when attempting to assess insemination capacity because it simulates the natural timing of exposure of males to emerging females. It also allows assessment of whether or not males and females disperse from the natal site per se, and their mating status if they do. Both are potentially important in¯uences on sex ratio optima and consequently optimal male number.
All of the G. legneri which we observed dispersed from the natal site, irrespective of the sexual composition or size of the brood. The relatively early dispersal of females in all-female broods was also observed in G. nephantidis, and is discussed by Hardy et al. (1999) . Many sex ratio models assume that only mated females disperse from the natal site, but this is clearly not the case in G. legneri. Dispersal will, however, only aect sex ratio and male number optima if non-local mating occurs. Females may disperse to search for mates as well as for hosts. However, current evidence suggests that this is unlikely as recently mated females are unreceptive (Gordh et al. 1983) , virgin females may be reluctant to mate post-dispersal (Gordh et al. 1983 ) and most females from mixed-sex broods mate before dispersal (this study). The only functional explanation for male dispersal is foraging for mating opportunities. Male G. legneri are reported to be shorter-lived than females (laboratory data: Gordh et al. 1983 ) but even short-lived males may ®nd mating opportunities with dispersed females and, particularly, broods containing undispersed receptive females. However, G. legneri courtship is simple and sibling male± male aggression is absent (Gordh et al. 1983) , suggesting that males do not frequently encounter non-siblings. Further information on the post-dispersal reproductive success of males is clearly needed but current evidence suggests that nonlocal mating, eected by immigrant males arriving at broods containing receptive females, remains a possibility that may explain the higher incidence of males in larger broods.
One of the reasons that the Hymenoptera have been important in stimulating the development and testing of sex allocation theory is that many species have relatively simple life histories and tractable models are relatively simple to formulate. However, empirical investigations are increasingly ®nding that the assumed lifehistories of taxa used to test theoretical predictions are too simple. Bethylids have largely been thought to conform closely to single foundress strict local mating (e.g. Green et al. 1982; Griths & Godfray 1988) , but current data increasingly suggest that non-local mating occurs (Mayhew & Godfray 1997; Hardy & Mayhew 1998; Hardy et al. 1999; this study) . Similarly, in ®g wasps wingless males have long been assumed not to disperse from the natal ®g whilst winged males mate only outside ®gs, but recent data show that some wingless males disperse and some winged males enter non-natal ®gs to mate within (Cook et al. 1997; West & Herre 1998; Gree & Ferguson 1999) . However, parasitoid species with winged males that have been assumed to mate non-locally more often than congeners with wingreduced males have recently been found to exhibit higher levels of within-host mating (a likely correlate of the degree of local mating) than species with less developed wings Drapeau & Werren 1999) .
We conclude from these ®ndings that assumptions about hymenopteran mating behaviour will often require direct assessment.
Conclusions
Current evidence suggests that of the ®ve explanations for larger numbers of males in larger broods of G. legneri currently provided by theory, non-local mating is the most likely. Non-local mating will increase the overall optimal mean sex ratio for a given brood size and will thus result in more males being produced in larger broods. We predict that non-local mating in G. legneri occurs primarily via immigration of males to broods containing virgin females prior to female dispersal.
